The Leucine rich repeat kinase 2 (LRRK2) gene is genetically and biochemically linked to several diseases that involve innate immunity. LRRK2 protein is highly expressed in phagocytic cells of the innate immune system, most notably in myeloid cells capable of mounting potent pro-inflammatory responses. Knockdown of LRRK2 protein in these cells reduces pro-inflammatory responses. However, the effect of LRRK2 pathogenic mutations that cause Parkinson's disease on myeloid cell function is not clear but could provide insight into LRRK2-linked disease. Here, we find that rats expressing G2019S LRRK2 have exaggerated pro-inflammatory responses and subsequent neurodegeneration after lipopolysaccharide injections in the substantia nigra, with a marked increase in the recruitment of CD68 myeloid cells to the site of injection. While G2019S LRRK2 expression did not affect immunological homeostasis, myeloid cells expressing G2019S LRRK2 show enhanced chemotaxis both in vitro in twochamber assays and in vivo in response to thioglycollate injections in the peritoneum. The G2019S mutation enhanced the association between LRRK2 and actin-regulatory proteins that control chemotaxis. The interaction between G2019S LRRK2 and actin-regulatory proteins can be blocked by LRRK2 kinase inhibitors, although we did not find evidence that LRRK2 phosphorylated these interacting proteins. These results suggest that the primary mechanism of G2019S LRRK2 with respect to myeloid cell function in disease may be related to exaggerated chemotactic responses.
Introduction
The leucine rich repeat kinase 2 (LRRK2) gene was initially characterized as part of a newly defined Ras-of-Complex family member and encodes a large ∼286-kDa protein with a number of protein-protein interaction domains (1) . The LRRK2 protein harbors two enzymatically active domains, a GTPase domain and a tyrosine-like serine/threonine kinase domain, separated by a linking domain known as COR (C-terminal of Ras domain). The LRRK2 gene has been linked to disease susceptibility in several inflammatory disorders. Familial and genome-wide association studies have implicated LRRK2 prominently in the susceptibility to Parkinson's disease (PD), Crohn's disease (CD) and leprosy (2) (3) (4) (5) (6) (7) . While many of the LRRK2 genetic variants that are associated with disease are of unknown function, PD-linked familial mutations in LRRK2 have yielded some insight into how mutations lead to disease. PD-linked mutations in LRRK2 cluster within the 'catalytic core' of the protein in the kinase, GTPase and COR domains (8) . The most common is the G2019S mutation in the kinase domain and is believed to confer increased kinase activity of the protein (8, 9) . This increased kinase activity has been linked to cellular toxicity and dysfunction in diverse model systems, although the substrates and pathways through which LRRK2 acts remain unclear (10) (11) (12) (13) (14) (15) (16) (17) .
Following the genetic implication of LRRK2 in inflammatory disease, the expression level of LRRK2 protein has been found to be highest in myeloid cells of the innate immune system (18) (19) (20) (21) (22) . Myeloid cells are a diverse class of cells that arise from hematopoietic stem cells of the bone marrow that spawn common myeloid progenitors. The progenitors then can differentiate into a wide variety of blood cells including erythrocytes, megakaryocytes and innate immune cells including monocytes, macrophages, neutrophils, dendritic cells and eosinophils (23) (24) (25) . LRRK2 expression is particularly high or exclusively expressed in a subclass of myeloid cells that are CD14+ [ part of the lipopolysaccharide (LPS) receptor complex] and CD16+ (binds Fc regions of antibodies and is associated with mature cell phenotypes) (22) . Myeloid cells known to express LRRK2 have diverse functions in the innate immune system such as secreting cytokines and chemokines, presenting antigen to adaptive immune cells, phagocytizing debris, pathogens and dying cells, and recognizing and moving to sites of danger through chemotaxis.
Knockdown or knockout of LRRK2 expression and inhibition of LRRK2 kinase activity has implicated a role for LRRK2 in some myeloid cell effector functions. RNAi knockdown of expression or pharmacological inhibition of LRRK2 has been shown to decrease the release of secreted cytokines such as TNF after pro-inflammatory stimuli in response to a number of pro-inflammatory agonists (18, 21, 26) . LRRK2 kinase inhibition has also been shown to decrease phagocytosis of pathogenic particles (27) . Pharmacological inhibition of LRRK2 also decreases cell chemotaxis in cultured microglia cells and fibroblasts (21, 28) . The impairment of chemotaxis owing to loss of LRRK2 can also be supported through studies of knockout of LRRK2 orthologues GbpC and ROCO4 (29) (30) (31) . However, mice and rats lacking LRRK2 also have systemic changes in immune cell homeostasis (32, 33) , including deficits in white-blood cell counts. In addition, widely used LRRK2 kinase inhibitors have significant off-target effects (34) , making it difficult to be able to understand the role of LRRK2 in myeloid cells using these models and tools.
While previous studies have focused on how loss of LRRK2 expression or activity influences cells of innate immunity, only a few studies have evaluated the effects of pathogenic missense LRRK2 mutations. Using mice that express the R1441G pathogenic mutation, increased production of pro-inflammatory cytokines were detected in stimulated primary microglial cells (35) . Several receptors, including toll like receptors (TLRs), scavenger receptors and various chemokine receptors, underlie these pro-inflammatory processes and can be utilized to determine cell type and activation state (36, 37) . LPS is a canonical pro-inflammatory stimulus that elicits several of the effector functions of myeloid cells by binding to TLR4/CD14 complexes present in CD14+ cells known to express high LRRK2 levels (22) . A direct LPS injection to the brain induces inflammatory responses that involve myeloid cell recruitment and activation and subsequent dopaminergic neurodegeneration (38, 39) . LRRK2 knockout rats are protected from the effects of LPS-induced neurodegeneration (18) , but the effects of pathogenic LRRK2 mutations on LPSinduced neurodegeneration and myeloid cell activation are not known.
In this study, we use transgenic rats and mice that over-express G2019S LRRK2 or wild-type (WT) LRRK2 to explore myeloid cell responses altered by G2019S LRRK2 expression. Through a combination of in vitro approaches using isolated primary cultured cells as well as several in vivo models, we find that G2019S LRRK2 expression enhances chemotactic responses to a number of stimuli but fails to alter other components of myeloid cell function affected by the loss of LRRK2 expression. Our findings revealed that in activated myeloid cells, the G2019S mutation robustly increases the association of LRRK2 with the actin-regulatory network in a kinase dependent manner. The actin-regulatory network that interacts with LRRK2 mediates chemotactic responses in myeloid cells. The role of LRRK2 in disease pathogenesis may be explained in part by its role in regulating myeloid cell chemotactic responses.
Results

G2019s LRRK2 expression enhances LPS-induced brain myeloid cell responses
Genetic knockout or knockdown of LRRK2 both in vivo and in vitro produces an attenuated pro-inflammatory response to LPS (18, 21) . The effect of pathogenic LRRK2 mutations on these myeloid cell-driven responses has not previously been studied. Recently a line of Sprague-Dawley rats that carry a humanderived bacterial artificial chromosome (hBAC) encoding the LRRK2 gene recombineered with a G2019S-pathogenic mutation were developed by CJ Li and distributed in partnership with Cornell University and the Michael J. Fox Foundation. We verified transgenic over-expression of G2019S LRRK2 in thioglycollate-elicited primary macrophages (TEPMs) cultured from these animals (Supplementary Material, Fig. S1A and B) . The G2019S LRRK2 protein is also expressed in TH substantia nigra pars compacta (SNpc) neurons and other brain nuclei susceptible to neurodegeneration from LPS exposure. In contrast, LRRK2 expression is not normally detected in TH cells of the SNpc in WT (nTg) rats (40) .
To examine myeloid cell responses in the LRRK2-G2019S rats compared with non-transgenic littermate controls (nTg), we injected LPS or saline control (PBS) directly in the right SNpc to induce a robust and selective loss of dopaminergic neurons (38, 39, 41) . After intracranial LPS injection, a panel of antibodies including IBA-1 (microglial morphology), CD68 (mature myeloid lineage phagocytic cells) and tyrosine hydroxylase (dopaminergic neurons) were used to evaluate myeloid cell responses and their effects on dopaminergic neuron survival, respectively. Confocal analysis showed an increase in the intensity and proportion of CD68+/IBA1+ cells in G2019S LRRK2 rats compared with non-transgenic littermate controls (Fig. 1A) . Commensurate with the apparent increase in CD68+ cells in the ipsilateral SNpc were reduced numbers of TH cells (Fig. 1B and C) . These observations are consistent with an increased pro-inflammatory (M1) response in the G2019S LRRK2 animals in response to LPS stimulation.
Previously, we found that LRRK2 KO rats were resistant to LPSinduced dopaminergic neurodegeneration compared with WT rats (18) . Stereological counts to TH cells in the SNpc revealed that the G2019S LRRK2 rats have exacerbated dopaminergic neurodegeneration in response to LPS exposure (Fig. 1D) . The G2019S LRRK2 rats had a ∼60% increase in TH neuron degeneration as compared with nTg controls. Stereological counts of CD68+ cells in adjacent serial sections demonstrated that there were more CD68+ cells recruited to the SNpc of G2019S LRRK2 rats compared with that of nTg animals (Fig. 1E) . Additionally, the Human Molecular Genetics, 2015, Vol. 24, No. 15 | 4251 increased number of CD68+ cells occupied a larger volume in the GS-LRRK2 rat (Fig. 1G) . To ensure TH neurons were actually lost rather than decreased in TH expression, we performed unbiased stereology for Nissl neurons on the same sections used to quantify TH cell loss (Fig. 1F) .
To determine whether there were differences between nTg and G2019S LRRK2 rats unrelated to LPS exposure (e.g. basal states of inflammation, differential effect of the surgery, etc.), we analyzed by confocal analysis and stereology TH and CD68 cells in a separate cohort of animals injected with only saline (PBS, Supplementary Material, Figs S1C and S2A and B). We did not observe differences in the number of TH cells between G2019S LRRK2 animals and nTg controls in either the injected or un-injected sides (Supplementary Material, Fig. S2 ). There was no significant CD68 reactivity in either the injected or un-injected sides in these animals. Overall, these data suggest an increase in pro-inflammatory responses in the G2019S LRRK2 animals when challenged with LPS but that the G2019S LRRK2 rats have normal baselines in the SNpc. Other reports published during the course of our study demonstrate that other G2019S LRRK2 rat transgenic strains also do not show neurodegenerative phenotypes or abnormal numbers of TH SNpc neurons at baselines (42, 43) .
G2019s LRRK2 expression does not affect secretion of pro-inflammatory factors or phagocytosis
To determine the effects of G2019S LRRK2 expression on critical aspects of myeloid cell function, we isolated TEPM cells from transgenic and non-transgenic littermate controls. WT LRRK2 BAC mice that express LRRK2 protein at levels comparable with that in G2019S LRRK2 BAC mice were used to control for the effects of over-expression of LRRK2 protein. BAC mice were developed by Zhenyu Yue and licensed for distribution through Mount Sinai Hospital and the Michael J. Fox foundation. We find that WT LRRK2 and G2019S LRRK2 over-expression is closely matched in TEPM cells ( Fig. 2A) . Additionally, we examined the phosphorylation state of the LRRK2 residues Ser910, Ser935 and Ser1292 from whole-cell TEPM lysate. We did not observe any changes in Ser910 or Ser935 phosphorylation between G2019S LRRK2 and WT LRRK2 TEPMs. As expected, Ser-(P)-910 and Ser-(P)-935 did not increase with the G2019S LRRK2 mutation consistent with previous results (13) . We did observe a robust increase in Ser-(P)-1292 levels in the G2019S LRRK2 TEPMs, consistent with increased kinase activity associated with the G2019S LRRK2 mutation (11) .
To test the role of G2019S and WT LRRK2 over-expression on cytokines and chemokines secreted by TEPMs, cells were derived from non-transgenic littermate controls (nTg), G2019S LRRK2 mice and WT LRRK2 BAC mice. Cells were counted and plated at equivalent densities into tissue culture wells. Supernatants were collected from LPS-exposed or saline-treated wells and Fig. S3 ). With all secreted factors measured, no significant differences could be observed between groups, showing that the transgenic over-expression of WT LRRK2 or expression of G2019S LRRK2 does not affect this aspect of myeloid cell inflammation. LRRK2 and G2019S LRRK2 pathogenic function have been implicated in phagocytosis, endocytosis, lysosomal function and vesicle recycling (14, 27, (44) (45) (46) (47) (48) (49) (50) (51) . To determine whether LPS-stimulated G2019S LRRK2-expressing TEPMs had increased phagocytosis compared with WT LRRK2 or nTg TEPMs, zymosan beads were applied to cultured cells plated at equivalent density, and uptake of the beads determined by microscopy. A similar number of beads were phagocytized between the three groups of TEPM cells ( 
G2019s LRRK2 increases myeloid cell chemotaxis in a kinase-dependent manner
Myeloid cell chemotactic response is critical in a diversity of diseases and model systems that involve both innate and adaptive immune responses (52) . The chemotactic ability of TEPMs cultured from nTg, WT LRRK2 BAC and G2019S LRRK2 BAC mice were tested in Boyden chambers for differential migration through an 8.0-µm-pore membrane. With the addition of 100 µ ADP to the bottom well, a robust stimulation of chemotaxis occurs (21, 53) . G2019S LRRK2 TEPMs had an approximate 2-fold increase in bottom-well migration ( Fig. 2D and E) . The overexpression of WT LRRK2 had no effect compared with cells from non-transgenic littermate controls.
We previously defined the potency of second-generation LRRK2 kinase inhibitors SRI 29451 (451) and HG-10-102-01 (Gnt) in TEPMs (34, 54) . To test whether increased chemotaxis in G2019S LRRK2 TEPMs was kinase dependent, we again utilized the two-chamber assay but in the presence of SRI 29451 and HG-10-102-01. Both LRRK2 kinase inhibitors blocked the enhanced chemotaxis associated with G2019S LRRK2 expression ( Fig. 2F and G) . These results show that the increased chemotaxis caused by G2019S LRRK2 expression is dependent on LRRK2 kinase activity.
In the light of the finding that increased numbers of CD68 cells were recruited to the brain in response to LPS injection in G2019S LRRK2 BAC rats ( Fig. 1 ) and enhanced ADP-induced chemotaxis in Boyden chamber assays in cells that express G2019S LRRK2, we next sought to measure chemotactic responses in vivo in a second model of myeloid cell chemotaxis with a stimulant other than LPS or ADP. Thioglycollate-induced peritonitis (TIP) is a robust model of inflammation used to measure acute chemotactic responses of immune cells into the peritoneal cavity (55, 56) . At 16 h post-thioglycollate exposure, the majority of cells (>80%) recruited to the peritoneal cavity are monocytes, macrophages and neutrophils (57) (58) (59) . Flow cytometry revealed that G2019S LRRK2 BAC mice have ∼2-fold more cells recruited to the peritoneum than WT LRRK2 BAC and nTg mice (Fig. 3A) . No difference was observed between nTg mice and animals over-expressing WT LRRK2. Classification of the TIP cells showed that there was a ∼2-fold increase in both recruited monocytes/macrophages (CD11b+ Ly6G(A18)+) cells and neutrophils (CD11b+ Ly6G(A18)−). Gating strategies for flow cytometry are given in Supplementary Material, Figure S5 . These results indicate that the G2019S LRRK2 KO animals have previously been shown to have several alterations in blood chemistry, including a decrease in white-blood cells under basal conditions (32, 33, 60) . In order to test whether baseline differences in immunological homeostasis exist in G2019S LRRK2 mice, we performed a complete blood chemistry panel ( Table 1) . As opposed to LRRK2 KO rodents, no differences were observed in any tested element of blood chemistry between nTg, WT LRRK2 and G2019S LRRK2 BAC mice.
Although the number of circulating white-blood cells is comparable between the mouse strains used in this study, the basal activation (i.e. polarization) state of G2019S LRRK2-expressing myeloid cells could be different, priming them for enhanced chemotactic responses (e.g. M1 polarization). Further analysis of peritoneal white-blood cells using flow cytometry demonstrated that the percentages of CD11b+ Ly6G(A18)+ or CD11b+ Ly6G(A18)− cells in white-blood-cell populations are equivalent between all strains of mice (Supplementary Material, Fig. S6 ). MHCII expression is often used to assess the activation state of macrophages (37, (61) (62) (63) . We examined the basal activation state of the G2019S LRRK2 CD11b+ Ly6G(A18)− cells using median-fluorescence intensity (MFI) of MHCII reactivity (Supplementary Material, Fig. S6D and E) . No significant differences in MHCII MFI were observed, suggesting the G2019S LRRK2 cells are not more activated under basal conditions.
Despite the lack of activation under basal conditions, an increase in myeloid cell chemotaxis caused by G2019S LRRK2 expression could be explained in part by an increase in surface expression of critical chemotaxis receptors such as CCR2 or CCR5. CCR2 is an essential component of myeloid cell chemotaxis in both in vivo LPS models and in TIP (64) (65) (66) . CCR5 is important temporally for the recruitment of macrophages to the site of inflammation, as CCR5 knockout animals show delayed macrophage chemotaxis in TIP for 36 h (67). Using flow cytometry, the predominant populations of cells in the peritoneum, CD11b+
Ly6G(A18)− and CD11b+ Ly6G(A18)+ cells, were examined for the expression of CCR2 or CCR5 (gating strategy shown in Supplementary Material, Fig. S7 ). According to MFI calculations from flow cytometry, the surface expression of CCR2 was comparable between all groups, although a trend (P = ∼0.06) towards increased surface expression of CCR5 was detected (Fig. 4) . Together with unaltered chemokine levels secreted from these cells whether or not G2019S LRRK2 is expressed ( Supplementary  Material, Fig. S3 ), these results suggest that the differences in chemokine receptors are unlikely to account for the enhanced chemotaxis associated with G2019S LRRK2 expression.
The G2019S LRRK2 mutation enhances LRRK2 association with actin-regulatory proteins responsible for myeloid cell mobility
In fibroblasts and other cell lines, LRRK2 forms protein complexes with components of the actin cytoskeleton (31, (68) (69) (70) . LRRK2-positive protein complexes derived from polarized myeloid cells have not been studied previously. Using M1-polarized TEPMs, we utilized the N-terminal FLAG epitope tag engineered into the BAC transgenic mice to immunoprecipitate LRRK2 protein complexes to a high level of purity. Immunoprecipitates from non-transgenic littermate controls that do not express proteins with the FLAG epitope tag were processed in parallel to identify proteins unrelated to LRRK2-positive protein complexes. A Coomassie-stained reducing gel of G2019S LRRK2 protein complexes is shown in Figure 5C . a total of 394 proteins were detected in complex with LRRK2 through identification of high-confidence peptides via tandem mass spectrometry. However, many of these proteins were identified as interactions of low specificity or selectivity through input of the 394 proteins into a database ranking contaminants common to affinity purifications identified by mass spectrometry [www.CRAPome.org, see reference (71) ]. Proteins rarely identified in protein complexes across the 411 affinity purification experiments included in the database (<10% chance, see Supplementary Material, Table S1 and Fig. 6 ) filtered 213 proteins. Twenty-seven other proteins that include immunoglobulin from the experiment, poorly annotated proteins and ambiguous peptides and/or database entries were also filtered from the LRRK2-interacting set and were not included in further analysis (see Supplementary Material, Table S1 ).
Input of the list of the 154 LRRK2-interacting proteins into gene ontology and String-db analysis revealed a coordinated network of actin-regulatory proteins known to be in complex with one another. These actin-regulatory proteins comprise the actin-effector network, as indicated graphically in Figure 5B . Input of the 154 genes into MetaCORE GeneGO analysis corroborated a strong enrichment for the interactome related to actin-cytoskeleton control, and gene-ontology networks related to the actin cytoskeleton (Fig. 5A) .
To confirm the mass spectrometry identifications, we repeated independent immunoprecipitation experiments from at least three TEPM cell lysates derived from at least three mice in each group of nTg, WT and G2019S LRRK2 BAC mice. Evaluation of the LRRK2 protein complexes confirmed the interaction between LRRK2 and myosin 1f (Myo1f ), myosin IIa (Myh9), Rac1, actin-related complex 3 (Arpc3) and actin-related complex 2 (Arp2) (Fig. 6A and B) . For these interactions, G2019S LRRK2 showed a striking enhancement of interaction (Fig. 6B) , even though both WT LRRK2 and G2019S LRRK2 can be precipitated at equivalent concentrations. Further, these actin-regulatory proteins were expressed at equivalent concentrations in the TEPMs irrespective of G2019S LRRK2 expression. We did not identify any To test whether the enhanced G2019S LRRK2-actin-regulatory component interactions were kinase dependent, we utilized a recently described highly potent and selective third-generation LRRK2 kinase inhibitor PF-06447475 (72) . TEPMs expressing G2019S LRRK2 were pretreated with 500 n PF-06447475 or equivalent concentration of DMSO (0.00005%), and LRRK2 protein complexes were isolated with FLAG-immunoprecipitation.
LRRK2 kinase inhibition did not affect the amount of LRRK2 that could be immunoprecipitated from the TEPMs. Evaluation of the LRRK2 protein complexes showed that PF-06447475 application significantly decreased LRRK2 interactions with actinregulatory proteins (Fig. 6C and D) . These results suggest that the enhanced association of G2019S LRRK2 with actin-regulatory proteins is dependent on LRRK2 kinase activity.
Because the kinase activity associated with G2019S LRRK2 appears to control the increased chemotaxis and interaction with actin-regulatory proteins, we next sought to determine whether G2019S LRRK2 was phosphorylating components of the actinregulatory complex. We selected Rac1 as the representative interacting protein in the 'actin-effector network' and Arpc3 as the representative protein in the 'actin-regulatory network' (Fig. 5B) . Addition of Rac1 and Arpc3 recombinant proteins together with WT LRRK2 and G2019S LRRK2 in in vitro kinase assays demonstrated that LRRK2 cannot efficiently phosphorylate these proteins (Fig. 7) . In these assays, we observed a robust ∼3-fold increase in autophosphorylation in G2019S LRRK2 compared with WT LRRK2, and this activity was completely blocked with the addition of 500 n PF-06447475 to kinase reactions (Fig. 7C) . As a positive control for LRRK2 trans-phosphorylation of protein substrates, we performed additional in vitro kinase assays with ArfGAP. Consistent with previous observations, LRRK2 robustly phosphorylated ArfGAP and this was completely blocked by LRRK2 kinase inhibitors (12) . These results suggest that the G2019S LRRK2 mutation enhances the association of LRRK2 with Rac1 and Arpc3, but the mutation is unlikely to affect phosphorylation of these proteins.
Discussion
In this study, we have utilized several model systems and experimental approaches to help understand the effects of pathogenic G2019S LRRK2 expression on myeloid cell function. Because studies in LRRK2 KO rodents suggest that LRRK2 is critical to myeloid cell function in innate immunity, we hypothesized G2019S LRRK2 expression may alter fundamental aspects in myeloid cell responses to pro-inflammatory stimuli. We discovered that most canonical myeloid cell functions were identical whether or not the cells expressed G2019S LRRK2, and blood chemistry of G2019S LRRK2 mice was unperturbed. However, we detected striking increases in chemotaxis in several different model systems owing to G2019S LRRK2 expression. The action of G2019S LRRK2 expression and associated kinase activity on chemotaxis was revealed through diverse chemoattractants including LPS, ADP and thioglycollate. G2019S LRRK2-expressing myeloid cells appeared more mobile. Potentially related to this result, we found that the G2019S LRRK2 mutation stabilized the association of LRRK2 in a kinase-dependent manner with the actin-regulatory network that is known to control the actin cytoskeleton responsible for myeloid cell mobility (73) (74) (75) (76) (77) (78) (79) (80) (81) (82) (83) (84) (85) (86) (87) .
In other models and cell systems, LRRK2 has been indirectly implicated in regulating elements of the actin cytoskeleton and cell motility (68, 70, (88) (89) (90) (91) . Knockout of the LRRK2 homolog GbpC in Dictyostelium not only reduces chemotaxis but disrupts interaction and phosphorylation of Myh9 (29, 92) . Other proteomic screens of LRRK2 complexes using similar unbiased approaches have identified Myo1f and Arp2 as major LRRK2 interactors that we also observe in TEPMs (68) . Arp2 expression increases the speed of cell migration or motility through increasing actin nTg and G2019S LRRK2 FLAG-pull-downs so that the only protein bands visible in the nTg pull-down were derivative from the beads (i.e. FLAG antibody). Labeled bands include LRRK2 protein, and the heavy-chain and light-chain from the FLAG resin (HC and LC, respectively).
filament branching at the leading edge of the cell (73) (74) (75) (76) (77) (78) 93) . Cells from Myo1f KO mice have been shown to have decreased motility (82, 87) , and Myh9 expression is likewise critical for cell migration and motility (79, 81, (83) (84) (85) (86) 94, 95) . Fibroblasts derived from mice or patients with LRRK2 mutations have enhanced actin dynamics and differential LRRK2 interactions with cytoskeltal elements, as well as increased fibroblast motility (28, 69) . Through the usage of newly developed efficacious LRRK2 kinase inhibitors, we find that the enhanced chemotaxis in G2019S LRRK2-expressing myeloid cells and the formation of G2019S LRRK2 protein complexes with actin-regulatory components are dependent on kinase activity. Rather than G2019S LRRK2 trans-phosphorylating these actin-regulatory components, G2019S LRRK2 may serve as a scaffolding component of the actin-regulatory protein network. Although LRRK2 cellular localization does not appear to be dramatically altered after LPS stimulation (96) , kinase active G2019S LRRK2 may preferentially interact with select cellular compartments (46) . It is possible that LRRK2 may help recruit the necessary actin-regulatory proteins into complexes that promote cell motility and chemotaxis.
LRRK2 is expressed in many cell types including neurons in the brain. The same actin-regulatory protein complexes that Immunoprecipitates from the G2019S LRRK2 + PF-06447475 pull-downs are compared with the G2019S LRRK2 + DMSO pull-downs, represented by a dashed line. Fold changes in intensity are indicated (G2019S LRRK2 + PF-06447475 relative to G2019S LRRK2 + DMSO). Significance was determined by two-tailed one-sample t-tests comparing each fold change against an expected value for no change in the interaction. Bars represent group means, and error bars are S.E.M. *P < 0.05, ***P < 0.001.
regulate chemotaxis in myeloid cells may serve different functions in neurons. For example, over-expression of G2019S LRRK2 in neurons causes the retraction of neurite outgrowths (10) . This phenotypic could potentially be caused by G2019S LRRK2 regulation of the actin cytoskeleton. Indeed, proteomic screens for LRRK2 interactors from both neurons and immortalized cell lines have revealed similar LRRK2-interacting proteins as with the LRRK2 interactome defined here in TEPMs (68) . Future in-depth examinations of the exact functional changes in the actin cytoskeleton owing to G2019S LRRK2 expression in diverse cell types may help clarify this apparent aspect of LRRK2 function in health and disease.
Regardless of the exact mechanism underlying G2019S LRRK2 regulation of chemotaxis, it is widely appreciated that myeloid cell chemotaxis is a critical aspect of inflammatory responses occurring in many disease processes. In CD, pro-inflammatory myeloid cells such as macrophages can drive inflammation central to pathology underlying disease (97) (98) (99) (100) . In Mycobacterium leprae infection, macrophage recruitment to granulomas is essential to contain infected cells and prevent disease progression (101) (102) (103) . In PD, neuroimaging studies reveal an abnormal abundance of activated myeloid cells throughout much of the brain (104) , and this is confirmed in pathological studies that show pro-inflammatory myeloid cells in affected brain regions (105) .
LRRK2 is linked to Parkinson's, Crohn's and Hansen's (leprosy) disease through genome-wide association studies. In typical Caucasian PD populations, the prevalence of the G2019S mutation is relatively low (1-5%), although in certain populations such as Ashkenazi Jews and North African Arabs, G2019S mutation may occur in as many as 30% of cases (7, (106) (107) (108) . These high rates of mutations in LRRK2 might be attributable to founder effects (109) . However, with respect to G2019S LRRK2 effects on myeloid cells, a positive-selection scenario may be envisaged where an increase in chemotaxis and subsequent innate immune responsiveness may be protective against a pathogen challenge. For example, numerous studies support the conclusion that enhanced myeloid cell chemotaxis contributes to reduced mortality rates associated with sepsis (110) (111) (112) (113) . While exaggerated chemotactic responses may offer protection from sepsis and possibly other infectious diseases, the same response may enhance neurodegeneration. The available tools and LRRK2 transgenic models are well suited to test this and related hypotheses with respect to LRRK2 function in innate immunity.
Materials and Methods
Animals
All protocols were approved by the local Animal Care and Use Committee. Mouse FLAG-G2019S LRRK2 BAC (B6.Cg-Tg (Lrrk2*G2019S)2Yue/J) and mouse FLAG-WT LRRK2 BAC (B6.CgTg(Lrrk2)6Yue/J) were developed in the laboratory of Zhenyu Yue and obtained from the Jackson Laboratory (The Jackson Laboratory, Bar Harbor, ME, USA). These mice have been previously described (114, 115) . Mice strains used in this study were maintained on the C57BL/6J strain, and upon study completion sentinels positive for G2019S LRRK2, WT LRRK2, or non-transgenic littermate controls were subjected to genome scanning for C57 substrain identification (Jackson Laboratories SNP panel). Mice showed approximately >99% identity to the 6J substrain from the analysis of ∼1500 SNPs; <1% of SNPs were assigned to substrains other than 6J or 6N. Genotyping was accomplished with the forward primer GAC TAC AAA GAC GAT GAC GAC AAG and the reverse primer CTA CCA CCA CCC AGA TAA TGT C using Phusion DNA Polymerase (NEB). As the primer pair does not distinguish the WT LRRK2 BAC strain from the G2019S LRRK2 BAC strain, for select breeding pairs, genetic identity was confirmed by using the forward primer TAT CTC CAC TCA GCC ATG ATT ATT TAC CG and the reverse primer TTG AGG GCA CTG ATG GTC CAC TG to produce a 209-bp DNA product that will be digested in half with the restriction enzyme MfeI (NEB) if the DNA is G2019S positive. Hemizygous BAC positive mice were utilized for the experiments described in this study. Mice (and rats, described later) were maintained on an ad libitum diet with a 12-h light and 12-h dark cycle and were housed according to AAALAC density guidelines.
The human BAC-G2019S LRRK2 (NTac:SD-Tg(LRRK2*G2019S) 571Cjli, Taconic Farms Sprague-Dawley outbred) rats were developed originally at Cornell University by CJ Li and supported for distribution and licensing by the Michael J. Fox Foundation for PD research. Hemizygous BAC positive rats were utilized for the experiments described in this study. We have previously evaluated LRRK2 expression and localization in these strains of rats (40, 43) . Genotyping of NTac:SD-Tg(LRRK2*G2019S)571Cjli was accomplished with the forward primer GAT AGG CGG CTT TCA TTT TTC C and the reverse primer ACT CAG GCC CCA AAA ACG AG using Phusion Taq DNA polymerase according to manufacturer's instructions (NEB).
For intracranial LPS administration, transgenic rats were selected as the model system as opposed to mice because rats show less variability in neurodegenerative phenotypes after LPS exposure as compared with mice (18, 38, 39, (116) (117) (118) (119) (120) (121) (122) (123) (124) (125) (126) . One caveat to the use of the rat is that we have failed to detect endogenous LRRK2 expression in the SNpc of the nTg rat as compared with robust expression of G2019S LRRK2 in the SNpc of transgenic rats, so it is not possible to calculate the fold increase of LRRK2 in the SNpc cells owing to transgenic expression (40) . All other experiments utilized mice where a WT-LRRK2 strain controlled for the effects of over-expression of LRRK2 protein.
Animal surgeries
Intracranial or control (saline only) injections were conducted under isoflurane anesthesia using a digital stereotaxic frame (David Kopf ) with a thermal adjustable height stage (Physitemp). All rats received a single unilateral 2 μl injection over the course of 20 min using a 32-gauge custom needle (Hamilton) with a 110°b evel fitted to a gas-tight syringe and controlled by a Nanomite digital pump (Harvard Apparatus). A concentration of 2 µl of solution containing ultrapurified LPS (20 000 Endotoxin Units, Invivogen, Santa Barbra, CA, USA) diluted into saline was injected into the right rat SNpc at empirically derived coordinates (4.65 mm anterior/posterior, 2.25 mm medial/lateral and 7.45 mm dorsal/ ventral). Scalp incisions were closed by suture, and animals were monitored for successful recovery, with food and water consumption expected in the first few hours post-surgery.
To isolate TEPMs, mice were injected in the peritoneal cavity with 1.5 ml of 4% thioglycollate broth. After 72 h (or at the indicated time point), animals were anesthetized under isoflurane and the peritoneal cavity exposed. Ten microliters of ice-cold PBS was injected into the peritoneal cavity through a 28-gauge needle. The fluid containing cells was then withdrawn through an 18-gauge needle. Cells in solution were pelleted through centrifugation at 1000g for 10 min at room temperature. Red blood cells were lysed through resuspension of the cell pellet into 1 ml of red blood cell lysis buffer (Ammonium-Chloride-Potassium lysing buffer, ACK, Invitrogen) for 2 min at room temp. Cells were then centrifuged at 500g for 5 min and resuspended into 5 mls of ice-cold phosphate-buffered saline, PBS, pH 7.4. Cell number was counted using a Z2 Particle Counter (Beckman Coulter, Brea, CA, USA) set between 4 and 10 µm of recording diameter. Appropriate numbers of cells were plated into 10% fetal bovine serum (FBS) in DMEM with glutamine and 100 µg/ml penicillin/streptomycin. Cells were maintained in a humidified chamber set to 5% CO 2 .
Confocal and immunohistochemistry analysis
For immunofluorescence and confocal analysis, brain sections were prepared from animals terminally anesthetized with isoflurane and transcardially perfused in 0.9% saline with 10 U/ml heparin followed by ice-cold 4% paraformaldehyde (PFA). Brains were dissected and post-fixed at 4°C for 2 h in 4% PFA and then transferred to 30% sucrose in PBS at 4°C for cryopreservation. Once saturated in sucrose, brains were flash-frozen in isopentane, cooled on dry ice to −55°C and stored at −80°C until further processing. Frozen brains were embedded with tissue-freezing medium on a sledge microtome chuck and sections cut to 40 µm (Leica). Sections were rinsed three times with Tris-buffered saline (TBS). All rinses and primary and secondary antibody diluents were in TBS. To allow antigen retrieval, all sections were incubated with 10 m sodium citrate, pH 6.0, containing 0.05% Tween-20 for 30 min at 37°C with agitation. Following three consecutive 5-min washes, nonspecific antigens were blocked by incubating sections for 1 h in 5% normal serum (Equitech-Bio) from the host of the indicated secondary antibody containing 0.1% Triton X-100 at 4°C with agitation. Primary antibodies were diluted in 5% normal serum and incubated on sections with agitation for 24 h at 4°C. Sections were washed three times for 5 min and then incubated in secondary antibody in 5% normal serum 18 h at 4°C with agitation. The next day, sections were washed three times and for immunofluorescence were mounted to SuperFrost slides (Fisher) and cover-slipped with Prolong Gold (Life Technologies). Confocal images were captured by a single observer blinded to the experimental conditions (drug treatment group and genotype status) using a Leica TCS-SP5 laser-scanning confocal microscope. The Leica LASAF software, Adobe Photoshop (contrast, brightness and color adjustments) and Adobe Illustrator were used to create figures and process images.
For DAB immunohistochemistry, sections were prepared according to the above-mentioned procedure except that after antigen retrieval, sections were quenched in 0.3% hydrogen peroxide (Sigma) in methanol for 30 min. After final washing steps from secondary antibody incubations, the sections were incubated in Avidin-Biotin Complex reagent (Vector Labs) for 30 min, washed 3 times again, and then developed in ImmPACT substrate (Vector Labs, Burlingame, CA, USA) for 2-5 min. The sections were placed in distilled water to terminate the DAB development reaction, rinsed 3 times in TBS and mounted with 25% ethanol in PBS onto SuperFrost glass slides (Fisher). Following air drying, the slides were dehydrated in ascending alcohols and three changes of xylene and cover-slipped with Permount (Fisher). Images from sections stained with DAB were captured using an Olympus BX61 microscope.
ELISA
Enzyme-linked immunoassays were accomplished by first plating 80 000 TEPM into treated wells of 24-well plates and cells maintained at 37°C in a water-jacketed incubator with 5% CO 2 . Cells were allowed to rest overnight and then washed twice with complete TPEM media to remove non-adherent cells and allowed to rest overnight again. TEPMs were treated for 6 h with 100 ng of LPS (500 endotoxin units) added per well. After 6 h, the media was removed from the cells and snap-frozen on dry ice. Dilutions of media to achieve signal in linear range of ELISA and multiplex ELISA kits were determined empirically prior to analysis. Ready-Set-GO anti mouse TNF ELISA (eBioscience, San Diego, CA, USA) was run according to the manufacturer's instructions. Samples were also analyzed using MILLIPLEX mouse cytokine/chemokine 32-plex magnetic bead ELISA (EMD Millipore, Billerica, MA, USA) according to the manufacturer's instructions.
Phagocytosis assay
A total of 250 000 TEPM cells per genotype were plated in 10-cm tissue culture-treated dishes into complete media (10% FBS in DMEM). Cells were allowed to rest overnight and then washed twice with complete media to remove non-adherent cells. FITClabeled Zymosan beads (Life Technologies, Carlsbad, CA, USA) were prepared by resuspending the lyophilized beads in 1 ml of sterile PBS, pH 7.4. Beads were then sonicated at 70% power three times for 10 s (Fisher Scientific 500 Sonic Dismembrator with micro sonic probe) to break up clumps of beads. Beads were applied to TEPM cells at a 10:1 bead to cell ratio in serumfree DMEM for 1 h. Plates were then washed with 37°C PBS five times, and then cells fixed with 1% PFA. FITC beads not internalized were quenched with the application of Sudan Black-B reagent (Invitrogen). Nuclei were labeled with the application of 10 μ Hoescht-33342 solution in PBS for 10 min. Combined fluorescent and phase-contrast images of TEPM with beads were acquired on a Zeiss Axioobserver live cell imager (Carl Zeiss, Thornwood, NY, USA) fitted with a Colibri 2 LED cool imager and a high-speed MR2 camera (Carl Zeiss). Images were acquired using computer-assisted Mark and Find software (Axiovision v4.8), and images were analyzed by an investigator blinded to genotype and treatment condition. The number of beads internalized per TEPM was scored.
Boyden chambers chemotaxis assays
Chemotaxis assays were performed as previously reported (21) . A total of 10 000 TEPM cells were plated in the upper well of an 8.0-µm-pore tissue culture insert. Cells were allowed to rest for 6 h and then the insert moved into a new well of a treated 24-well plate. In the bottom of the chamber, complete TEPM media was supplemented with 100 µ ADP. TEPM cells were allowed to migrate for 36 h during incubation at 37°C in a humidified chamber with 5% CO 2 . The number of cells migrating to the bottom well was determined by supplementing to 10 μ Hoescht-33342 and recording nuclei through automated cell-counting software Mark and Find and Automatic Measurement Program, Axiovision v4.8 (Carl Zeiss, Thornwood, NY, USA). For chemotaxis assays that utilized LRRK2 inhibitors, 5 µ SRI 29451 and 1 µ HG-10-102-01 was added to both the top and bottom well of the Boyden Chambers. All other processes were the same as mentioned earlier.
Flow cytometry and cell counts
TEPM were acquired and prepared as described earlier for flow cytometry experiments except the cells were collected 18 h (instead of 72 h) post-thioglycollate injection. Total cell numbers were counted by hemocytometer prior to flow cytometry analysis. 
Complete blood chemistry
Non-transgenic, WT LRRK2 and G2019S LRRK2 mice were placed under isoflurane anesthesia. 0.5 ml of blood was drawn through intra-cardiac puncture through 1-ml syringe fitted with a 21-gauge needle. Samples were immediately placed into heparinized vacuum tubes. Samples were analyzed within 24 h on an automated hematology analyzer (Idexx Laboratories, Fremont, CA, USA) by Animal Labs of Birmingham, LLC. Differential counts were performed manually by a licensed veterinary technician.
Immunoprecipitations
Two million TEPM cells per genotype were plated into 15-cm treated culture dishes and were allowed to rest overnight and then washed (as described earlier) to remove non-adherent cells. Cells were then treated with 100 ng/ml of LPS (500 endotoxin units per ml), or saline control, for 6 h. After 6 h, cells were removed from the plate by scraping into ice-cold PBS, pH 7.4, pelleted and then lysed into a solution of 1% Triton X-100, Tris-HCl pH 7.4, and 1× complete protease and phosphatase inhibitors (Roche, Basel, Switzerland). Cell solutions were sonicated at Human Molecular Genetics, 2015, Vol. 24, No. 15 | 4261 10% power for 10 s, incubated for 1 h at 4°C while rotating, and lysates clarified by centrifugation at 20 000g for 20 min at 4°C. Pellets were discarded and 200 µl of M2 anti-FLAG magnetic beads (Sigma, St Louis, MO, USA) were washed three times in lysis buffer and then added to lysates overnight on a rotating wheel. Beads were washed two times in lysis buffer and then two times in lysis buffer supplemented with 350 m NaCl. Protein complexes were eluted from the beads by adding 2× Laemmli Buffer with 5% beta-mercaptoethanol and heated to 70°C with shaking at 1400 rpm. The kinase inhibitor PF-06447475 was obtained by courtesy of Warren Hirst, Pfizer, Inc. For immunoprecipitations with PF-06447475, all procedures were the same, except TEPMs were treated with 500 n PF-06447475 for 24 h prior to LPS addition. Additionally, 500 n PF-06447475 was added to the cell lysate during the FLAG-immunoprecipitation to ensure that LRRK2 remained inhibited.
Western blots
Equal volumes of lysates per genotype condition were loaded onto and separated on 4-20% Tris-Glycine gradient gels (BioRad, Hercules, CA, USA). Proteins were transferred to PVDF membranes at 30 volts overnight. Membranes were blocked in 5% BSA in TBS-T and then incubated in primary antibodies overnight at 4°C. Primary antibodies were as follows: 1:2000 LRRK2 N241A/ 34 (Antibodies, Inc., Davis, CA, USA), 1:2500 Myosin IIa (Myh9) (Cell Signaling Technology, Danvers, MA, USA), 1:5000 Arp2 (Cell Signaling Technology), 1:2500 myosin 1f (Sigma). Membranes were washed, then incubated with appropriate secondary antibodies and imaged using Li-COR Odyssey imaging system (Li-COR Biosciences, Lincoln, NE, USA) or ECL.
Mass spectrometry
Lysates were denatured and separated on a 7.5% Tris-glycine gel (BioRad) and stained with Bio-Safe colloidal Coomassie (BioRad). Bands were excised and enzymatically digested with Trypsin Gold (Promega, Madison, WI, USA) overnight according to the manufacturer's instructions, followed by acidification to pH 3-4 with 10% formic acid for analysis by liquid chromatographymass spectrometry (LC-MS). Each peptide digest fraction was analyzed using a linear trap quadropole XL (LTQ XL) ion trap mass spectrometer equipped with a nano-electrospray source, and a Surveyor Plus binary high-pressure liquid chromatography (HPLC) pump (Thermo Scientific, Rockford, IL, USA) using a split flow configuration. Separations were carried out using a 100 μm × 13 cm pulled-tip C-18 column (Jupiter C-18 300 A, 5 µm). The HPLC was set up with two mobile phases that included solvent A (0.1% FA in ddH2O) and solvent B (0.1% FA in 85% ddH2O/15% ACN) and was programed as follows: 15 min at 0% B (2 µl/min, load and desalt), 100 min at 0-50% B (∼0.5 nl/min, analyze) and 20 min at 0% B (2 µl/min, equilibrate). During the first 15 min of loading and desalting, the source was set at 0.0 volts. The LTQ XL was operated in data-dependent triple-play mode, with a survey scan range of 300-1200 m/z, followed by an ultra-zoom scan used for charge-state determination (∼20 k resolution at 400 m/z) and an MS2 scan, both carried out with 2.0 Da isolation widths on the three top most intense ions. MS data were collected in profile mode for all scan types. Charge state screening and dynamic exclusion were enabled with a minimum signal intensity of 2000, a repeat count of 2 and exclusion duration of 90 s for ions of ±1.5 m/z of the parent ion. The automatic gain control settings were 3 × 10 4 , 5 × 10 3 and 1 × 10 4 ions for survey, zoom and collision-induced dissociation (CID) modes, respectively. For CID, the activation time, activation Q and normalized collision energy were set at 30 ms, 0.25 and 35%, respectively. The spray voltage was set at 1.9 kV following the first 15 min of loading, with a capillary temperature of 170°C. XCalibur RAW files were centroided and converted to MzXML, and the mgf files were then created using both ReAdW and MzXML2Search, respectively (http:// sourceforge.net/projects/sashimi/). The data were searched using SEQUEST (v27 rev12, .dta files), set for two missed cleavages, a precursor mass window of 0.45 Da, tryptic enzyme, variable modification M at 15.9949 and static modifications C at 57.0293. Searches were performed with a mouse subset of the UniRef100 database, which included common contaminants such as digestion enzymes and human keratins. Identified peptides were filtered, grouped and quantified using ProteoIQ v2.3.04 (Premierbiosoft, Palo Alto, CA, USA). Only peptides with charge state of ≥2+ and a minimum peptide length of six amino acids were accepted for analysis. ProteoIQ incorporates the two most common methods for statistical validation of large proteome datasets, false discovery rate (FDR) and protein probability (127) (128) (129) . Relative quantification was performed via spectral count, and spectral count abundances were normalized between samples (130-132). The FDR was set at <1% cutoff, with a total group probability of ≥0.7 and peptides of ≥2 assigned per protein.
In order to identify proteins likely to randomly or nonspecifically interact with LRRK2 protein complexes, all proteins found through LC/MS/MS were filtered through the Contaminant Repository for Affinity Purification (CRAPome.org) database. Proteins that had a >10% chance of random interaction or were not found owing to improper or incomplete annotation were excluded from analysis.
Kinase assays
Kinase assays were performed as previously described (34, 133) . Briefly, 200 n recombinant Δ970 WT LRRK2 or G2019S LRRK2 (Invitrogen, Carlsbad, CA, USA) was added to kinase reactions with 1 µ Rac1 or Arpc3 (Novus Biologicals, Littleton, CO, USA) in a buffer with 50 m Tris ( pH 7.5), 150 m NaCl and 10 m MgCl 2 with 100 μ ATP. Kinase reactions were run for 30 min at 30°C and terminated with the addition of 2× Lamelli buffer. Kinase reactions were electrophoresed on 4-20% SDS-PAGE gels (BioRad), stained with Coomassie and dehydrated. Gels were then exposed to BioMax (Kodak, Rochester, NY, USA) film and developed. Phosphate incorporation was quantified by cutting out protein bands from coomassie-stained gels and beta particles counted on a liquid scintillation counter (Beckman Coulter).
Statistical analysis, unbiased quantifications and system analysis
Statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad Software, Inc., LaJolla, CA, USA). A P-value of <0.05 was considered significant. To two-way unpaired t-tests were used with Bonferroni corrections as appropriate. For comparisons of the more than two groups, a one-way ANOVA test with Tukey's post hoc analysis was used. For groups showing non-normal distribution as determined by a Kolmogorov-Smirnov test for normality, a Kruskal-Wallis ANOVA was selected with Dunn's multiple comparisons corrections to compare groups. Correlations were determined by Pearson coefficients. Stereological estimation of the total TH and CD68 cells in the SNpc was performed using an optical fractionator probe (Microbrightfield, Willston, VT, USA) by an investigator blinded to experimental condition and animal genotype. Optical fractionator and dissector probes were used to count grid sizes of 50 µm 2 with density adjusted for analysis of at least 100 objects per sample. Gene-ontology analysis and network analysis was performed using MetaCore GeneGO software (Thomson Reuters, New York, NY, USA) and STRING v9.1 (www.string-db.org).
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